Main Text
The following report on our particle simulations of the magnetized plasma-wall shepth T',-j a. plasma transport perpendicular to a magnetic field, in a plasma bounded by a conducting wall, with the aim of modelling the vicinity of the limiters and walls of magnetized plasma devices. Our approach has been to use our two-dimensional, bounded particle simulation code ES2 to investigate the edge effects which Lrise in such a configuration.
Our simulations have shown that the cross-field sheath between a wall and a plasma is not a static structure, but is in fact a turbulent boundary aIver, with strong potential fluctuations and anomalous particle transport.
The driving mechanism is the Kelvin-Helmholtz instability which arises from the sheared particle drifts created near the wall. Provided it is replenished by an internal flux of particles, the sheath will maintain itself in a dynamic equilibrium, in which the linear edge instability, the nonlinear plasma flows and the outward particle diffusion all balance each other. It is important to emphasize that the turbulent behavior of the sheath is a completely spontaneous phenomenon, which arises from the self-consistent plasma-wall interaction, and which does not require the imposition of external fields. This self-consistency, and the short space and time scales inherent in the plasma-wall interaction, sharply distinguish our work from previous simulations of the Kelvin-Helmholtz instability[1,2,3.
In Figs. (1), we show a series of snapshots of the electrostatic potential o(Z, y, t), in a system initially filled with a uniform distribution of c!ectrons 3 and ions. Our simulation is two-dimensional and electrostatic [4] , with the particles moving in the (x, y) plane, and subject to a magnetic field B = iB.
Periodic boundary conditions are imposed at the top and bottom of the simulation region (y = 0, L). The wall, at x = 0, is a perfect conductor and a perfect absorber of electrons and ions: when a particle hits the wall, its charge is imuiediately accointed for as mobile surface charge. The boundary conditions on the right-hand side, -= L., Emulate a semi-infinite inner plasma: x = L. is an equipotential, and for the particles, an inversion symmetry condition is applied [5 . Finally, there is also a distributed plasma source, by which warm electron-ion pairs are created at a constant temporal rate, and with spatially random occurence. For Figs with maximum intensity at the wall, which induces a downward E x B drift of electrons and ions with a maximum velocity very close to the ion thermal
Because the electric field is nonuniform, the resulting flow is strongly sheared, and is vulnerable to the Kelvin-Helnholtz instability. In the subsequent evolution, noise grows into larger perturbations, which are both amplified and convected by the E x B flow. In Fig.(lb) , the growing waves have amplitudes e3¢/T, ; -0.2, and wavelength parallel to the wall A,, -60.
As the growing modes saturate, they form small vortices with approximate spacing A. = 60 (Fig.(lc) ). These vortices, generated in 60 < wet - the simulation, which we ended at w',t = 1500. It drifts parallel to the wall at a near-constant velocity v 01, = -0.44vt,, and maintains eb5c/T, -2.2.
However, the background plasma remains fluctuating, and from time to time a smaller vortex is generated at some distance from the main vortex, eventually merging with the latter.
Overall, we have explored a range of parameters 0.5 < 2 < 10, with w./W2 < 1, and have found behavior qualitatively very similar to the one outlined above. Simulations of broader systems than in Fig. (1) also
show that the steady-state vortex and sheath acquire a "natural" thickness of l ; 5 pi, and do not grow indefinitely; thus the vortices are a feature of the sheath and not the bulk plasma.
To explain the evolution seen in Figs. (1), we have investigated the fluid cross-field equations. Assuming Iwl <Z w,,, we approximate the electron motion by the E x B drift, the ion motion by the E x B and polarization drifts 3", and obtain the coupled nonlinear equations:
B).V is the total derivative and V = (ara)
We then linearize Eqs. 
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The predictions for the real part of the frequency agree reasonably well.
On the other hand, while the growth-rates for the long-wavelength modes (m = 1,2) are in agreement, fluid and simulation results diverge at the shorter wavelengths (m = 3, 4, 5, 6), an effect probably due to finite-larrnor radius effects, but which we have not further investigated.
Turning to the nonlinear regime, we have attempted to model the final vortex by an approximate solution of Eqs.(1,2). We take the Navier-Stokes 
satisfies, in its rest-frame, the equation (4) gives a rough but sufficiently large-amplitude approximation to the observed vortex structure.
An essential feature of the cross-field sheath is the existence of a nearly constant, ambipolar transport of particles to the wall, for which we shall sketch a scenario: we believe that the ion motion, with a gyro-radius an appreciable fraction of the vortex dimensions (pi/l, z 1/5), is intrinsically stochastic. and readily lead-, to an outward ion diffusion, which is only stopped by the positive charge building up at the wall. The electrons on the other hand are more strongly confined, and it is thus their rate of transport, induced by the edge turbulence, which determines the overall rate of transport for both species.
The orbits of test electrons show that their outward transport is the result of the E x B motion along broad orbits, trapped in or circulating about the vortices, combined with a shorter-scale diffusive motion, which we ascribe to the the high-frequency, short-wavelength fluctuations ('w! ,-w, k:pi -1) which we see in the simulation power spectrum, and which accompany the vortices. Particularly vulnerable to scattering are the electrons on the vortex separatrix, their rapid loss leading to an evacuated region in front of the vortex. In the steady-state, we can define a time and space-averaged diffusion coefficient D, = sl_/2ril,), where 1. is the sheath thickness (1, = 5p,), s is the rate of pair creation (per unit area, per unit time), and fi(l,) is the y-averaged density in the plasma interior, assuming a parabolic fz(z) in 0 < z < 1. The results for D, from simulations with increasing creation rates, and hence increasing inner plasma densities, are shown in Fig.(3) , where Dp, is evaluated at the spatially-averaged density.
For c, > 2waj, the diffusion coefficient has the Bohm-like dependence:
eB'()
We have verified that the results in Fig.(3) are indcpendent of plasma discreteness, by varying f*A4 in the range 4 < f1A2 < 56, thereby confirming that transport is not collisional.
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To provide a derivation of Eq. (5), we first assume that for wp,
the edge turbulence is density-independent. This is consistent with the wpi > wj limit of Eqs.
(1,2). We then introduce "universal" parameters (5), D. = co (T, 'eB) , with constant co given by: co
Assuming the integral to be of order 1, we find co = 0.02, an estimate qualitatively in agreement with Eq. (5).
We have also studied the effects of finite kli, by tilting the magnetic field w pi/wci p c
